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Abstract 

The non-decoupling effects of heavy Higgs bosons as well as fermions on the 
loop-induced H^W^Z vertex are discussed in the general two Higgs doublet model. 
The decay width of the process H+ -► W + Z° is calculated at one- loop level and 
the possibility of its enhancement is explored both analytically and numerically. We 
find that the novel enhancement of the decay width can be realized by the Higgs 
non-decoupling effects with large mass-splitting between the charged Higgs boson 
and the CP-odd one. This is due to the large breakdown of the custodial SU(2)y 
invariance in the Higgs sector. The branching ratio can amount to 10 -2 ~ 1CP 1 for 
m H ± = 300 GeV within the constraint from the present experimental data. Hence 
this mode may be detectable at LHC or future e + e~ linear colliders. 
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1 Introduction 



The standard model (SM) of the electroweak interaction has been tested by a lot of 
experiments and any substantial deviation from the data from the precision experiments 
such as at LEP and SLC |JTJ] has not been found so far 0. In spite of the success of 
SM, the symmetry breaking sector (Higgs sector) remains unknown. The Higgs sector is 
expected to be probed at LEP II 0, LHC (4| and future e + e~ linear colliders (LC's) ||. 
Although the minimal Higgs sector with only one Higgs doublet is consistent with the 
available experimental data, the Higgs sector may be favored to have rather a little more 
complicated structures from the various theoretical viewpoint 0. One of the simplest 
but rich extensions of the minimal Higgs sector is the two Higgs doublet model (THDM). 
There are a lot of motivations for THDM such as the minimal supersymmetric standard 
model (MSSM), additional CP violating phases, and a solution of the strong CP problem. 

The charged Higgs boson H is one of the new particle contents in such the extended 
Higgs sectors and its exploration is a quite important task of the future experiments at LHC 
and LC's. If H ± is relatively light (< mw), it may be detected at LEP II. If H ± has the 
mass of the intermediate scale {mw < m H ± < m t + nib), would be detected at future 
colliders such as LHC or LC through the decay modes H ± — > tv and cs. Alternatively if 
rriH± is large enough to allow H — *> tb kinematically, it seems to be difficult to detect it 
because of the large QCD background. The heavy H is, in fact, favored by the results of 
the b — > 57 measurement in THDM with Type II Yukawa couplings [[5J (There are narrow 
loopholes for this constraint in MSSM ||.). In such cases, we have to investigate the 
possibility of the alternative modes with the branching ratio enough to yield substantial 
events to probe H . The possible modes for such the purpose may be H ± — > tv, h°W ± , 
W ± Z° and W ±r y. Unfortunately, it has been known that the latter two modes (namely, 
decays into a gauge boson pair) disappear at tree level in general multi Higgs-doublet 
models including THDM. This property is quite different from the case of (CP-even) 
neutral Higgs bosons. The absence of the tree H ± W^ r y coupling comes from the current 
conservation of U(l) em . On the other hand, tree H ± W Zf Z° coupling is absent because 
of the isospin symmetry of the kinetic term of the Higgs sector ||. Since both these 
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characteristics are, in general, broken at one-loop level through effects from other sectors, 
these vertices are induced at loop level. Hence the question of how large the vertex can be 
enhanced by loop effects occurs. In fact, the estimations of the loop-induced decay widths 
for H — > W ± Z° and H ± — > W ± ^ have been studied in part by several authors: Pomarol 
and Mendez |10| once have studied H + — > W + Z° in MSSM, and Capdequi Peyranere et al. 



11| have calculated the fermion and sfermion non-decoupling effects on H + — > W + Z° and 



H + — > W +r y. In their works, it has been pointed out that while the loop-induced H ± W Zf, y 
vertex is much small, the loop-induced H ± W Zf Z° vertex can be largely enhanced by the 
mass effects of super heavy fermions. It, however, seems to be difficult to consider such the 
heavy fermions in the present situation that the top-quark has already been discovered at 
~ 175 GeV |T2| and that the fourth generation of fermions has been almost excluded by the 
S-parameter constraint Hence the substantial enhancement of the vertices seems 

no longer to be possible in the framework of MSSM, in which the non-decoupling effects 
on the vertex are essentially only due to heavy fermions. Apart from MSSM, there are 
some exotic Higgs models with more complicated Higgs multiplets (for example, triplets) 
which have H ± W T Z° coupling at tree level |I3J| . Therefore the decay mode H + — > W + Z° 
has often been considered as a clear signature for these exotic Higgs sectors. 

Here occurs another question of how about the general THDM but MSSM. In MSSM, 
the Higgs mass-effects are very small because of their decoupling property and the fermion 
effects are dominant. On the other hand, there can be non-decoupling effects of heavy 
Higgs bosons in THDM in general. In such the model, whether the loop induced H ± W T Z Q 
vertex can be substantially enhanced by the Higgs mass-effects or not is a non-trivial and 



also very interesting problem. In the previous works fOj |TT], |15j , these effects have not 
been considered at all. The purpose of this paper is just to solve this problem. 

In this paper, we discuss the loop induced H ± W T Z° vertex in THDM. The possibility 
that this vertex can be largely enhanced by the non-decoupling effects of the heavy Higgs 
bosons is explored in detail. In the THDM Higgs sector, whether the heavy Higgs bosons 
are decoupled or not is rather model dependent. The heavy Higgs bosons, in general, 
receive their masses from both the vacuum expectation value and the (bare) non-zero 
soft-breaking parameter. If the contribution of the latter effect is relatively dominant, 
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the masses become approximately independent of the self-coupling constants and then 
the heavy Higgs bosons become decoupled jig] . The MSSM Higgs sector approximately 
corresponds to this case, in which all the quartic self-coupling constants are constrained 
to ~ ^{g 2 ) an d the Higgs bosons other than the lightest can become heavy only by 
the growing soft-breaking parameter. The effects of these heavy masses then should be 
suppressed by the decoupling theorem. This is one of the main reasons why the Higgs mass 
effects are less important than the fernion's ones in MSSM. Alternatively, if the heavy Higgs 
bosons are due to the large self-coupling constants, the masses naively become proportional 
to the coupling constants and then the non-decoupling effects of the Higgs bosons can be 
expected as well as those of the fermions Jl7|, [18], |I9| . Such the non-decoupling effects of 
the heavy Higgs bosons (for example, the effects of the heavier neutral boson H° or the 
CP-odd Higgs boson A ) are of our central interest here. 

From the naive power counting, the non-decoupling effects on the H ± W T Z° vertex 
can be expected to include quadratic and logarithmic mass contributions at one loop level 
|TT| . However, by making the effective Lagrangian it is shown that these non-decoupling 
effects are completely canceled if the theory has the global custodial SU{2) V symmetry. 
There is the similar situation in the oblique corrections known as the screening theorem 



| 20fl . In THDM, the custodial symmetry in the Higgs sector is explicitly broken except 
for the case of the mass degeneracy between the H ± and A |21|, p2[ . Hence we expect 
that the large mass splitting leads to the quadratic Higgs mass effects to the vertex. Thus 
the conditions for large enhancement of the vertex by the heavy Higgs bosons are 1) the 
large Higgs masses coming from the larger contributions of the quartic coupling constants 
with keeping the soft-breaking parameter to be smaller, 2) the large explicit breaking of 
SU(2) V in the Higgs sector by large mass splitting between H^ 1 and A . We note that 
although THDM is indeed strongly constrained by the experimental results for the oblique 
corrections [23|, there remains large allowed region for large mass splitting between H ± 
and A because of a lot of free parameters in the model |19 . 



2 In the case of H^W^j vertex, only the logarithmic mass effects are possible because of the U(l) em 
current conservation Thus the non-decoupling effects cannot be so large. Hence we here consider 

i? ± W =F Z° vertex only. 
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With the consideration above, we analyze the decay process H + — > W + Z° at one loop 
level in THDM. The calculation is performed in the t'Hooft-Feynman gauge for the Higgs- 
Goldstone sector and gauge sector and in the unitary gauge for fermion loops. Since all 
the diagrams with a fermion- loop themselves construct a gauge invariant subset, we are 
free to use different gauge choices like above fH] . In addition to the conditions above, 
the vertex turns out to be much sensitive to the Higgs mixing angles. We find that the 
branching ratio Br(H + — > W + Z°) at m#± = 300 GeV become larger than 10~ 2 if the 
mass splitting between H + and A is larger than 200 GeV for tan/3 > 6 ~ 8, where 
tan/3 = 1)2/1)1. The maximal value of Br(H + — > W + Z°) can amount to near 10 _1 for 
tan f3 > 20 and very large m^o but within the allowed region from the tree-level unitarity 
bound EM. Such the enhancement of the branching ratio (10 -2 ~ 10 _1 ) may make it 



possible to detect the mode at LHC Q. It is expected that more than a few dozen of 
the events (if ± -> W ± Z° -> lllv) are produced for the branching ratios of ~ 10 2 . As 
to the background (mainly from ud — > W + Z°), it is likely such that the branching ratio 
of a few % would be required in order to see a signal [p5fl . Therefore in THDM the non- 
decoupling effects of Higgs bosons can induce a significant enhancement of the branching 
ratio and this process may become detectable at LHC. In the SU(2)y symmetric cases 
(m^o ~ rriH±), the Higgs non- decoupling effects are canceled out and only the fermion and 
gauge boson contributions remain, so that the branching ratio becomes smaller than 10~ 4 
for tan/3 > 1. We also show that such the enhancement is reduced by taking account of 
the soft-breaking parameter to be large. 

In Sec 2, we introduce THDM and discuss its decoupling and non-decoupling properties. 
Sec 3 is devoted to the qualitative study of the possibility of enhancement of the H ± W T Z° 
vertex due to the non-decoupling effects. In Sec 4, the decay process H + — > W + Z° is 
evaluated in THDM and the novel enhancement of the branching ratio is shown. In Sec 
5, we summerize the results and discuss some phenomenological implication. The explicit 
results of the calculations are attached in Appendices. 
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2 The Model 



In this paper, we discuss the non-decoupling effects of the additional heavy Higgs 
bosons as well as the fermions on the H ± W Zf Z° vertex in the two Higgs doublet model 
(THDM). We here consider the model with a softly-broken discrete symmetry under $1 — > 
$i) $2 - * —&2 because there are too many parameters to be analyzed in the most general 
THDM. The discrete symmetry has often been imposed for natural avoiding of the flavor 
changing neutral current (FCNC) ||26|| . There are two types of Yukawa sector under the 
discrete symmetry according to the assignment of the charge of quarks, what we call, 
Type-I and Type-II in Ref ||. We employ the Type-II coupling in our later calculation. 
The Higgs sector is defined by 

Ahdm = /i?|$i| 2 + ^|$ 2 | 2 + {^($ t 1 $ 2 )+ h.c.} 

-7/1 |$i| 4 - ?7 2 |$ 2 | 4 - 773 |$l| 2 |$2| 2 

-r/ 4 {(Re^I^)} 2 - r/ 5 {(lm$I$ 2 )} 2 . (1) 

This potential covers the MSSM Higgs sector as a special case |J. The soft-breaking 
parameter /Xg is in general a complex quantity, which can give an additional CP violating 
source |[27|| . We here confine ourselves in the CP invariant world by assuming /i§ to be 



real in order to reduce the number of parameters and also concentrate into extracting the 
essential contribution of the non-decoupling effects of the Higgs bosons. 

The Higgs potential (D) has a global symmetry, that is, the custodial SU (2)y symmetry 
if 775 is zero [[H], To see this, it is convenient to rewrite RHS in ([I]) in terms of 2 x 2 
matrices Aii = (ir2$*, All the terms except for the r/ 5 -term can be rewritten as 
combinations of tr(Ai\A4j), = 1 and/or 2). Thereby it becomes clear that these terms 
are invariant under the transformation Aii — ► g L A4igit, (ql,r £ SU(2)l,r, SU(2)i is the 
gauge symmetry of the weak interaction.). Hence, if 775 is zero, there remains the global 
symmetry in the Higgs sector even after the gauge symmetry breaking; SU{2) L ®SU {2) R — > 
SU{2)v [28]. On the other hand, the 775-term is rewritten as ~ r/ 5 jtr(.M 2 T3.Mi) j . The 
775-term breaks SU(2)r and thus SU(2)y explicitly. Since the SM Higgs sector with one 
doublet is known to SU(2)y symmetric, the explicit breaking of SU(2)y in the Higgs 
sector leads to a new physics by itself. The custodial symmetry plays a crucial role in our 



later discussion. [] 

The Higgs doublets both with Y = 1/2 are parametrized as 

*i= \ . ^ ), (< = 1,2), (2) 

\ 72^ ki + V i+ lZ i) ) 

where the vacuum expectation values v\ and v% are combined to give v = \Jv\ + v 2 ~ 
246GeV. The diagonalization of the mass matrices is performed by introducing two mixing 
angles a and (3 in the following way; 

R(n)\ "\ I . I ' I =7?(J) I . 1.1 ' I = /?(?) 






A 

where R(0) is the usual rotation matrix of angle 9. After diagonalization with setting 
tan/3 = v 2 /vi, the two mass-eigenstates w ± and z become the Nambu-Goldstone bosons 
which are to be absorbed into the longitudinal part of the gauge bosons W and Z 
respectively. The other mass-eigenstates h°, H°, H ± , and A become to represent five 
massive Higgs bosons, that is, two CP-even neutral, charged and CP-odd neutral ones, 
respectively. Another mixing angle a is chosen in order that h° is lighter than H°. The 
relation between the coupling constants and masses are 

111 = - - - - (cos 2 a m 2 H o + sin 2 a m 2 h0 - tan (3 f£) , (3) 

2v z cos z p 

11 2 = - 1 n ^ (sin 2 a m 2 H o + cos 2 a rrvL - cot (3 /il), (4) 

2rsin p 

sin 2a 2 2 . 2m 2 H± 2 2 

^ 3 = 2 • o^ m H° ~ m h°) + 2 2 • n (5) 

v z sin 2p v z v z sin 2p 

2m 2 M ± 4 2 

v z r sin 2p 
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V5 = —(m A0 -m H ±). (7) 

v 

Note that since only the 775-term explicitly breaks the custodial SU(2)y symmetry in the 

Higgs sector, Eq ([?]) implies that the mass splitting between H and A measures the 

SU{2)v breaking. The eight independent parameters (fit, ^ A<3> ~> Vs) i* 1 dD are thus 
3 As we mention later, the severe constraint of the p-parameter from the present data do not always 
forbid the large breaking of the custodial symmetry in the THDM Higgs sector completely. 
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replaced into the four mass parameters m h o , m H o , m jj± and m^o , the two mixing angles a 
and (3, the vacuum expectation value v and the soft-breaking parameter /X3. 

Next, we discuss the non-decoupling effects of the Higgs bosons in this model. In case 
of the fermion sector, the Yukawa coupling constants are naively proportional to fermion 
masses. This implies that the masses of fermions are enhanced only by the growing Yukawa 
coupling constants. Then the decoupling theorem does not work and the non-decoupling 
effects of fermion masses appear. In case of the SM Higgs sector, the similar effects are 
expected because the quartic self-coupling constant is proportional to the Higgs boson 
mass [17]. On the other hand, in case of the THDM Higgs sector, whether the heavy 



Higgs bosons but the lightest in the loop are decoupled or not is a model dependent 
problem. For example, the mass of A is given from Eqs. (|B|) and (|7j) as 

m % = ~ t1a)v 2 + — — -/4 ( 8 ) 

2 sin p cos p 

Naively, m^o can become large by the growing quartic coupling constants or the large soft- 
breaking parameter /^|. If large m^o is realized by the term with keeping the quartic 
coupling constants to be small, the Higgs boson masses then become to be decoupled. 
Note that the MSSM Higgs sector belongs to this type, in which all the quartic coupling 
constants are constrained to 0(g 2 ), where g is the weak gauge coupling constants, so that 
all the heavy Higgs bosons (H°, H ± and A ) can grow only due to the large soft-breaking 
parameters. Alternatively, if large ttla is realized by the large quartic coupling constants 
with keeping [i\ to be small, the similar situation to the fermion and SM Higgs case occurs. 



Thus non-decoupling contributions of Higgs boson masses are expected in these cases [TLB 



We note that the non-decoupling Higgs theories often receive strong constraints on the 



Higgs boson masses by the perturbative unitarity 24 



The situation that Higgs boson masses mainly come from the self-coupling constant is, 
by itself, also seen in the case of SM. The non-decoupling effects of the Higgs boson are 
then induced in, for example, the oblique corrections. However, in the SM case, the Higgs 
sector with the one Higss doublet is custodial SU(2)y symmetric. The leading power- 
like contributions of the Higgs bosons are canceled due to this symmetry and at most the 
sub-leading logarithmic contribution (~ logm#) appears. This phenomenon in the oblique 
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corrections has been known as the screening theorem [2C]. In THDM, there can be leading 
power-like contributions of Higgs boson masses in the case without the custodial symmetry. 
In this paper, we study the possibility that the enhancement of the loop induced H ± W T Z Q 
vertex may occur by the similar mechanism. 



3 Non-decoupling Effects on Loop Induced H ± W T Z { 
vertex 

The H ± W T Z° vertex is defined as igmwV^v (See Fig 1.), where V^ u is expressed by |10| 



G H 

Vp, = Fg^ + -^-p ZfJ PWu + -^-^upaPzPwi ( 9 ) 

where pz and pw are momenta of Z and W bosons, respectively. All the external lines 
are assumed to be on mass-shell. We have d^W^ = and d^Z^ = then. 

First of all, we observe the absence of the H ± W T Z° coupling at tree level in THDM. 
The tree-level coupling is considered to be generated in the kinetic part of the Higgs sector, 

2 



C k T ^ M = J2(D^D^ (10) 

i=i 



where is the covariant derivative for SU(2)l £g> U(l)y- In the Georgi basis [[29j, which 
is obtained from $j rotating by j3, Eq (|10|) becomes 



£thV = + (D^ (11) 



where 




* = , _ „ h (12) 



and 

0° = cos(a - - sin(a - /3)h°, (13) 
ip° = sm(a - /3)H° + cos(a - (3)h°. (14) 

Since \I/ does not have any vacuum expectation value and there is no mixing between $ 
and *Sf in Eq (|TT|), we can understand the absence of H ± W^Z° at the tree level. The 
H ± W T Z° vertex can induced only by the loop level where the mixing between $ and \I/ 
is induced through effects from the other sectors. 

Second, we discuss the non-decoupling effects of heavy particles on the vertex. The 
effective Lagrangian is 



£eff = fH+W-ZoH+W-Z" + h.C. 

+ g H+w - z oH+F^F^ + h.c. 

+ h H+w - z o ie fa/pa H+ F*z ' F$ + h.c. (15) 

Since the coefficient Jh+w-z is mass- dimension one, the contribution of the heavy parti- 
cles with the masses Mi take the form at one loop level like 

W-*> ~ 9 x -2— x x f(Mi) ~ x Mff(Mi), (16) 

cos tV u ?r 

where /(Mj) is a dimensionless function of Mi's. Hence the leading contributions of heavy 
masses to fn+w-z are expected to be quadratic ones. As for the dimension —1 coefficients 
9h+w-z° and h H + w - z o, they are expected to take the forms at one loop level like 

m w m z 

h H+w - z o ~ — x / (Mi), (17) 

where /'(Mj) is a dimensionless function of Mj's. Namely they have the Higgs mass 
contributions like at most ~ logMj. Therefore from the naive power counting, we expect 
that there may be non-decoupling effects (quadratic and logarithmic mass contributions) 
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of the heavy Higgs bosons as well as heavy fermions at the one loop induced H ± W zf Z° 
vertex 0. 

Third, we show that the the non-decoupling effects on the vertex is strongly constrained 
if there is the custodial SU(2)y symmetry. In our model, the effective Lagrangian ( p"5|) 
comes from the operators, 



tr 



r^D^^U)] , ti \t 3 MWF^F^] and ze^tr \t 3 MWF^F^ 



where 2x2 matrices M. and M are defined by using the doublets $ and \I/ in (|T^) as 
M. = (ir2$*,$) and TV = (2x2 Since it can be seen clearly that all the operators 
(|T8| ) are un-invariant under SU(2)ji and thus SU(2)v, we understand that the vertex 
appears only in the case without the custodial SU{2)v symmetry. 

In our model, there are three independent sources for the explicit SU(2)y breaking 
according to the gauge, fermion and Higgs sectors. They are separately measured by the 
three mass-splittings m\^—w? Zl m^—ml and m\—m 2 H ±, respectively. Since the breakdown 
in the gauge as well as the fermion sectors is already known experimentally, the quadratic 
mass contributions of the gauge bosons and fermions appear in the vertex. In MSSM, only 
the effects of the heavy fermions (especially the top-quark) become important because the 
explicit breaking of SU(2)v in both the gauge and Higgs sectors are small. However, in 
the present situation that the top-quarks has been already discovered with the mass of 
~ 175 GeV [0 and the forth generation of quarks has almost been excluded by the S- 
parameter constraints 0, |13| , it seems to be difficult to obtain a substantial enhancement 



of the vertex only by the fermion effects. Hence the only hope to the novel enhancement 
of the vertex is due to the non-decoupling Higgs sector with enough large mass splitting 

Finally we note that, as well known, the experimental value of p parameter gives a 
strong constraint for the breaking of the custodial symmetry. Even in THDM, the large 
parameter region have been already excluded by the data @, 23]. We, however, stress 



4 Since there is no correspondence to Jh+w^z term in the effective Lagrangian for the iJ ± W A=F 7 vertex 
because of the gauge invariant condition p^V^ = 0, the quadratic mass effects disappear in the one loop 
induced H^W^j vertex pl| . Thus the large enhancement of the vertex cannot be expected in this vertex 
and this fact is the reason what we consider only the H^W^Z vertex. 
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that the p parameter constraint does not always forbid large SU(2)y breaking in the 
THDM Higgs sector. For one of the examples, if we consider the case with a — (3 ~ 7r/2 
and m 2 H ± ~ rn 2 H o, the large mass splitting between A and H is possible with keeping 
Ap = p - 1 ~ 0. 

Thus it becomes important and very interesting to study the non-decoupling effects 
of the Higgs bosons on the vertex. It is possible that m\ — m 2 H ± is large enough to give 
substantial non-decoupling effects such as ~ Mf on the vertex with keeping Ap ~ 0. 



4 Analysis of H + W + Z° 

In Sec 3, we have qualitatively discussed the possibility that the loop-induced H ± W T Z° 
vertex can be significantly enhanced by the Higgs non-decoupling effects if there is large 
explicit breaking of the custodial SU(2)v symmetry in the Higgs sector. To verify this 
observation quantitatively, we proceed to the analysis of the decay process H + — > W + Z°. 
We here present the one-loop calculation of the decay width and evaluate the branching 
ratio of this decay mode. The decay width is given in terms of the form factors F, G and 
H (see Eq |)) as 



T (H + - W + Z°) = m H ± Xl/2( ?; W,z) ( \M LL \ 2 + \M TT \ 2 ) , (19) 



167T 

where w = (m w /m H ±) 2 , z = (m z /m H ±) 2 , A(a, b, c) = (a — b — c) 2 — 46c. The amplitudes 
/All and M.tt are the contributions of each modes of the longitudinally and transversely 
polarized final gauge bosons. We have their explicit expressions, 



\M LL ? = £ 



W -z)F+ X(hW > z) G 
1 2w 



2 



(20) 



\M TT \ 2 = g 2 ^2w\F\ 2 + ^^\H\ 2 j . (21) 

The contributions of the diagrams with a boson (Higgs, Nambu-Goldstone or gauge bosons) 
loop are calculated by employing the t'Hooft-Feynman gauge here. The boson-loop dia- 
grams are shown in Figs 2(a), (b) and (c). The explicit expressions of these boson-loop 
contributions to the quantities F and G are given in Appendix 1. All the boson- loop dia- 
grams do not contribute to the quantity H at all because the boson sectors of the theory 
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w 



— s 



A 0s 



AAA/ 



It! 



+ MA/ 



u; ±~AAA 



± 






Fig 2-a 



has the parity (P) symmetry. The fermion-loop diagrams are shown in Fig 2(d). Since all 
the diagrams with a fermion-loop themselves construct a gauge invariant subset, we are 
free to use different gauge choices for boson- and fermion-loops. It is clear that the unitary 
gauge is the most convenient choice for the contributions of the fermion-loop diagrams. 
The explicit calculations of the fermion-loop contribution are given in Ref jO]]. We have 
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Fig 2-b 

just checked their results. 

4.1 Heavy mass limit 

We consider to extract the contribution of the masses of heavy Higgs bosons. In this 
subsection, we assume that both the neutral (h°, H°) and CP-odd (A ) Higgs bosons are 
heavier than the charged one. The soft-breaking parameter /i| is also set into zero for a 
while in order to obtain the non- decoupling effects of the Higgs bosons maximally. 

A naive counting by using Eqs ( p0|) and (|21|) shows that the ratio | M. TT / M. LL \ 2 behaves 
like ~ 8 • m 2 v /m 2 H ± ■ m 2 z /m 2 H ±. If m 2 H ±/m 2 v is large, the contribution of M.ll becomes 
dominant. The bosonic loop contributions to can rewritten by factorizing the mixing 
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H ± , h°, H°, A , w ± , z° 
/ ~ \ 
( ) 





where 



, - N H ± , #°, A , w ± , z°, W ± , Z° 
( ) 



Fig 2-c 



angle dependence as 

-Mll = J(a, P)M J LL (Mi) + K(a, P)M^ L (M { ) + L(a, P)M L LL (M l ), 

where Mj represent the masses of h°, H° and A , and 

J(a,j3) = sin(a — (3) cos(a — /3), 
K(a,P) = sin 2 a cot /3 — cos 2 a tan/?, 
L(a,P) = cos 2 a cot /3 — sin 2 a tan /3. 



(22) 

(23) 
(24) 
(25) 



The leading (quadratic) mass effects of heavier Higgs bosons on M. J LL (Mi), A4^ L (Mi) and 
A4i L (Mi) are then extracted from the full expression in Appendix 1 as 



M J LL {M^ 
M K LL {Mi. 



0. 



m H ± 



x 



2 2 



2(Att) 2 v 3 m 



In 



m 



X 



2 2 2 ' 

m 2 h0 m 2 A0 ln m 2 



2(47r) 2 v 3 m\ -m 2 AQ m\ 



(26) 
(27) 

(28) 
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Fig 2-d 



Eq fl22|) shows that the vertex can be strongly enhanced by the Higgs mass effects if tan f3 
or cot (3 is large enough. Q 

The results in Eqs (|26| ) ~ fl28|) are also reproduced from the much simpler calculation 
of H + — > w + z° by virtue of the equivalence theorem |3(], 3l| . The calculation in this way 
is performed by the Landau gauge |H| and the diagrams are shown in Fig 3. We show the 
explicit form of the amplitude calculated in this way in Appendix 2. To take the heavy 
mass limit in this amplitude leads to the completely same results as Eqs (|26|) ~ (|28|). The 
use of the equivalence theorem is very useful to check the results of the full calculation (See 
Fig 7(a) and (b).). One more advantage of the use of the equivalence theorem here is the 
fact that we can immediately see the disappearance of the amplitudes if the Higgs sector 
is custodial SU(2)y symmetric. All the diagrams in Fig 3 have a coupling of H ± w T A° 
(shown by the brack dot in each diagram). The coupling constant is just 7/5 (oc rn A0 — m 2 H ±) 
which represents the explicit breaking of SU(2)v in the Higgs sector. 



4.2 Numerical Estimation 

The decay width T(H + -> W + Z°) is evaluated by using Eqs ([19]), (0) and (0). 
For comparison, the MSSM (with heavy sparticles) case and the non-decoupling THDM 
case are shown in Fig 4(a) and 4(b), respectively. In MSSM, the heavy Higgs bosons are 
approximately degenerated (m#± — m A o < 11 GeV for m H ± > 300 GeV). Hence the Higgs 



5 In MSSM, the soft-breaking term /i§ cannot be neglected and the mixing angles are not independent 
of each other. In the large mass limit, we have m A0 ~ m jy± ~ ~ 2/ig/ sin 2/3 and a — (3 — ir/2. The 
enhancement mentioned above can no longer appear in this case because of the cancellation due to the 
soft breaking parameter. In general THDM, this cancellation do not have to take place as in the cases 
above. 
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effects are small and heavy fermion (top-quark) effects are dominant. Since the H ± tb 
coupling consists of ~ m t cot (3 and ra& tan /3, the top-quark contributions are rapidly 



reduced for larger tan/3. We can see from Fig 4(a) that T(H 1 



W + Z°) < 10" 



at 



m H ± = 300 GeV for tan/3 > 1. These results for MSSM are quitely consistent with the 
previous ones 0, 11]. On the other hand, in Fig 2(b), in case of THDM with m#± — m^o = 
200 GeV, the novel enhancement of the width is realized for large tan /3 due to the Higgs 
non-decoupling effects (we are setting /i 3 into zero here). In Fig 5, we show the tan/3 
dependence of T(H + — > W + Z°) for various mass splitting Am = \rriAo — ttih±\. The 
enhancement in small tan/3 region (tan/3 < 1) is due to the top quark contribution, 
while the width can be considerably enhanced even for large tan/3 regions by the Higgs 
non-decoupling effects if Am become large enough. 

We next consider the branching ratio. The decay mode is kinematically allowed if 
m H ± > m w + m z . This is very close to the threshold of tb mode with the top-quark mass 
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Fig 4(a): Decay width T(H+ -> 
for tan/5 = 0.1, 1, 10 in MSSM 
(All the sparticles are assumed to be 
very heavy) . The decay width of H + — > 
fv for tan /3 — 1 is also shown for com- 
parison. 



U 10" 



600 / 



' /200 




m H+ =300GeV 
Am=m A o-mH + 



tan (3 



10 



Fig 5: r(iY+ -> Py+Z°) at m H ± = 
300 GeV as a function of tan/3. Am = 
m A o — m H ± is set into 0, 200 or 600 
GeV. The other parameters are taken 
as a = [3— 7r/2, m H o = 310 GeV, m h o = 
140 GeV and /i 3 = 0. 
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Fig 4(b): T(H + -> W+Z ) for 
tan/5 = 0.1, 1 and 10 in THDM with 
m A o — m H ± = 200 GeV. The other pa- 
rameters are taken as a = (5 — ir/2, 
m H o = m H ± + 10 GeV, m h o = 140 GeV 
and /i 3 = 0. 



17 




700 300 500 700 900 
m. (GeV) 



Fig 6(a): Br(H+ -> W + Z°) in 
THDM for m H ± = 300 GeV as a func- 
tion of m^o . Other parameters are cho- 
sen as a = (3 — 7r/2, m H ± = 310 GeV, 
m h o = 140 GeV and ^ = 0. 
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Fig 6(b): Br(H+ -> in 
THDM for m H ± = 300 GeV as a func- 
tion of tan/3 (Solid lines). Other pa- 
rameters are chosen as the same as Fig 
6(a). 



~ 175 GeV [0, 1^1 . In addition, there is a lower bound for the charged Higgs boson in Type 
II THDM from the b —>■ s'j measurement as m#± > 244 + 63/(tan/3) 1,3 [[?]]. We assume 
here that the charged Higgs boson is heavy enough to open the tb mode, which becomes 
the most dominant mode then. The other modes to be considered are H ± — > tu, cs and 
h°W ± (if it is allowed). Their decay widths at tree level behave like 

T^^tb) ~ N c (m 2 t cot 2 (3 + ml tan 2 f3), (29) 

r^-^cs) ~ N c (m 2 c cot 2 f3 + m 2 s t&n 2 (3), (30) 

V{H^^tu) ~ m 2 tan 2 /3, (31) 

TiH^^hPW^) ~ m 2 w cos 2 {a- (3), (32) 

The region of variables are taken as 200 < m#± < 800 GeV, 100 < m^o < 900 GeV and 
1 < tan/5 < 50. The other parameters are fixed as m^o = 140 GeV, m#o = 310 GeV and 
a = (3 — 7r/2. As to the fermion masses, we assume that m t = 175 GeV and m&(m#±) = 3 



GeV [32]. The reason for this parameter choice is the p-parameter constraint. From the 



data from LEP experiments, we can evaluate the contribution of the Higgs sector; Apthdm 
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Fig 7(a): Br(H+ -»■ W+Z°) for various 
values of as a function of m^o. The 
other parameters are chosen as tan/5 = 
20, a = (3 — 7r/2, m^o = m^± + 10 
GeV, m h o = 140 GeV and /i 3 = 0. Solid 
lines are the results of the full calculation. 
Dashed lines are those of the calculation 
by using the equivalence theorem. 
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Fig 7(b): Br(H + -> W+Z°) for tan/5 = 
20. Other parameters are chosen as 
tan/3 = 20, a = j3 — tt/2, m^o = nin± + 
300 GeV, m H o = m H ± + 10 GeV, m h o = 
140 GeV and /X3 = 0. The results from 
the full calculation (Full) and the results 
by using the equivalence theorem (ET) are 
shown. 



~ -0.00180 ± 0.00204 (2a) @. The other constraints for tan/5 from B° - B° mixing |33j 
and for m#± from b — > 57 H] are also in our consideration here. Moreover, we take account 



of the constraint from the perturbative unitarity for the Higgs boson masses [24|. 

In Fig 6, we show the branching ratio Br(H ± — > W ± Z°) at = 300 GeV. We 

can see in Fig 6(a) that the branching ratio become larger than 10~ 2 if the mass splitting 
between H ± and A is greater than 200 GeV for tan/5 > 5 ~ 8. The maximal value 
of Br(H ± — > W ± Z°) can amount to near 10 _1 for very large m^o and tan/5 > 20. In 
the nearly SU(2)y symmetric cases in the Higgs sector (m^o ~ m H ±), the Higgs non- 
decoupling effects are canceled out and only the fermion and gauge boson contributions 
remain, so that the branching ratio becomes smaller than 10~ 4 . Since the top-quark mass 
contributions are decreased and the Higgs mass contributions are increased as tan j3 grows, 
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the cancellation of the Higgs contributions become more clear for large tan (3. On the other 
hand, at near tan/5 ~ 1, the top-quark mass contribution becomes much dominant and 
thus we can see nothing happens at m#± = m^o. The tan/5 dependence is shown in 
Fig 6(b) for mn± = 300 GeV. The other parameters are taken as same as Fig 6(a). We 
also show there Br(H + — > W + Z°) in the MSSM case for a comparison, in which the 
Higgs mass effects is almost suppressed by the approximate SU{2)y in the Higgs sector. 
For further comparison, the results of Br(H + — > tv) are also attached in Fig 6(b). The 
branching ratios for various values of are shown in Fig 7(a) and (b). The similar 

properties to m H ± ~ 300 GeV are seen for each value of m#± in Fig 7(a). Both the results 
by the full calculation and the calculation simplified by virtue of the equivalence theorem 
are presented there. We can see that the latter results become an excellent approximation 
to the full calculation for larger values of m#± especially in Fig 7(b). 

We have shown that, in general THDM, the loop induced H ± W T Z° vertex can be con- 
siderably enhanced due to the non-decoupling effects of the Higgs bosons. All the analyses 
above have been considered by making the soft-breaking parameter /x| to be zero because 
we have tried to extract the Higgs non-decoupling effects as large as possible. However, 
the soft-breaking parameter /ig often become very important in various aspects of physics. 
First of all, it cannot be neglected in MSSM case. Second, if we are interested in the Higgs 
sector as an additional CP violating source, /z§ is the parameter which can be considered 
to have a phase ||27f . Finally, since /z§ = implies that there is the exact discrete symme- 
try in the Higgs sector which is spontaneously broken according to the gauge symmetry 
breaking. In that case, the problem of the domain wall takes place [0. To avoid this, the 
discrete symmetry may have to be explicitly broken (but only softly for FCNC suppres- 
sion) by the non-zero /ig parameter. As we mentioned in Sec 3, the heavier Higgs boson 
masses have two kinds of origin, namely, the quartic coupling constant times the vacuum 
expectation value and the soft-breaking term. The non-zero soft-breaking term reduces 
the contribution of the quartic couplings for a fixed masses, so that the non-decoupling 
effects are suppressed to some extent. We show the relation between the non-decoupling 
effects and the non-zero soft-breaking parameter on the branching ratio in Fig 8. The Higgs 
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Fig 8: The soft-breaking parameter dependence of 
Br(H + -> W + Z°) at m H ± = 300 GeV. The parameter 
m 3 is defined by m\ = cos/? sin /3. Other parame- 
ters are chosen as ct = /3 — 7r/2, m#o = 310 GeV and 
m h o = 140 GeV. 

non-decoupling limit (m| = //§/ sin /3 cos /3 ~ 0) is what we have seen in the previous 
figures. In the case of ~ 300 GeV (= m H ±), in which the heavier Higgs bosons receive 
their masses only from the complete cancellation of the non-decoupling effects of Higgs 
boson masses takes place and the model becomes the decoupling theory for the heavy 
Higgs bosons just like in MSSM. 

5 Discussion and Conclusion 

We have discussed the loop-induced if ± H /=F Z° vertex in Type II THDM and its 
enhancement due to the non-decoupling effects of the heavy Higgs as well as the heavy 
quarks. The conditions for the large enhancement due to the Higgs mass effects have 
been summarized as 1) the large Higgs masses coming from the larger contributions of 
the quartic coupling constants with keeping the soft-breaking parameter to be smaller, 
2) the large explicit breaking of SU(2) V in the Higgs sector by the large mass splitting 
between if ± and A . In the case of MSSM, since both the conditions above are impossible, 
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such the Higgs mass effects do not take place and any substantial enhancement cannot 
be realized. The decay width T(H + -> W + Z°) remains < 1(T 3 GeV at m m ± = 300 GeV 
for tan/5 > 1. On the other hand, in the case of THDM, the conditions can be satisfied 
within the constraint from the available experimental data. We have found that the decay 
width T(iJ ± -> W + Z°) can amount to > 10" 1 GeV at m H ± ~ 300 GeV for large tan/3. 
These values are considered to be much larger (~ 10 1 — 10 2 ) than the typical values in the 
Eq model, in which a tree H ± W T Z° coupling can be induced through Z — Z' mixing |]3~5 



and also smaller (~ 10 — 10 ) than those in the model with a doublet and two (a real 



and a complex) triplets [0. In Type II THDM, since m H ± is constrained to be larger 
than ~ 250 GeV for large tan /3 by b — > 37 data, H — > tb opens and becomes the most 
dominant mode. We have evaluated the branching ratio and found that, even in such the 
situation, it can amount to 10~ 2 ~ lO^ 1 at m H ± = 300 GeV within the constraints from 
the present experimental data and also the perturbative unitarity. 

Such the enhancement may make it possible to detect the decay mode at LHC or 
(if fortune) LC's. The charged Higgs boson is mainly produced through the subprocess 
gb -> tH^ m at LHC. We expect that, if m H ± is 300 GeV, about 200 (50) events 
of H — > W ± Z° — > lllv are produced for tan/3 = 1 (20) per a year at LHC with the 
integrated luminosity ~ 2 x 10 2 fb _1 /year. Since the background (mainly ud — ► W Z°) 
has been naively estimated to be such that a few % of the branching ratios are required to 
see a signal, we can expect to detect the decay mode if such the large enhancement occurs. 
At the future e + e~ linear collider with ^Js = 1 TeV and the integrated luminosity ~ 50 
fb _1 /year, a few thousands of H are expected to be produced through e + e~ — > H + H . 
The decay H — > W ± Z° with the maximally enhanced branching ratio (near 10 %) might 
be also detectable there because less background would be expected. 
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APPENDICES 



APPENDIX 1: Calculation of Boson-Loop Contribution 

Here we show the explicit results of the calculation of the loop induced H ± W T Z° 
vertex. As shown in Eq (||), the contributions are expressed in terms of the quantities F, 
G and H. They can be divided as 

X = X (a) + X (b) + X (c) + X (d) , (A.l) 

where X represents F, G or H. X^ d ^ correspond to the diagrams in Fig 2(a) ~ (d), 
respectively. We employ the 't Hooft-Feynman gauge for calculation of the boson-loop 
diagrams. Explicit forms for are listed in the following. The contribution of 

fermion-loop diagrams X^ have been calculated in the unitary gauge and their explicit 



expressions are given in Ref [p| . As mentioned before, the diagrams with a fermion 
loop, by themselves, form the gauge invariant sub-set, so that we can use these results 
consistently. The contributions of the boson-loop diagrams are expressed in terms of the 



integral functions [37], whose definition here is beased on the second paper of Ref 

i?(a) 2 



W 

K(a 7 (3)m 2 HO + J(a, (3)(-m 2 HO + 2m 2 H± ) - ^^m^} C 24 [H ± A°H } 

sin /./ cos /./ I 

- \L(a,(3)m 2 h0 - J(a,P)(-m 2 h0 + 2m 2 H± ) - ^-±^LA C 24 [H ± A h°] 
1 sin l) cos l) i 

+ \K(a,(3)m 2 HO + J(a, (3)(-m 2 H o + 2m 2 H± ) - sm (" + ^ m 2| cos2 e w C 2i [H°H ± H ± } 

I Sill 13 COS 13 I 

+ \L(a,p)m 2 h0 - J(a,p)(-m 2 h0 + 2m 2 H± ) - + r ] ™l ) cos 29 w C 24 [h Q H ± H ± ] 

I Sill 13 COS 13 I 

+J{a,(3){m 2 H± - m^ )C 24 [w; ± z°H°] - J{a,(3){m 2 H± - m^C^^z ^] 
-J(a, /3)(to|± - m 2 H o) cos29 w C 24 [H w ± w ± ] 
+J(a, P)(m 2 H ± — mlfi) cos 26 wC 2A [h°w ± w ± ] 
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(A.4) 



where and T/j are the tadpole graphs factorized by l/(167r 2 t> 3 ). n^± wmp is the l/(167r 
factorized contribution of the two-point function which can be written in terms of the 
A-function. The full expressions for these are given in Eqs (|A.7|) , QA.8Q and (|A.9|) . 
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The tadpole graphs T H (= f H /(16n 2 v 3 )) and T h (= f h /(16n 2 v 3 )) are calculated as 
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(A.8) 



Finally, IIh± w =f(= U h ± w ^ / (1Qtt 2 v 2 )) is given by 



tt(2) 



1Qtt 2 v 2 



2(m 2 H0 - m 2 h0 )J(a, P) ( + - 



+2<^(a,/3)- J(a,P)- 
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m t \ fn 2 H oA[H z 



+ - sin 2/3 



+ - j sin 2/3 



'sin 2 a 
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sin(a + P) 
sin /3 cos P 

sm/3cos/3 3 J h L J 
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cos 2 a 
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sin 2 /3 cos 2 /3 / 
cot 2/3 m 2 A[A°] 
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+-sin 2/3 
4 



sin P cos 2 /3 
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\ sin j3 
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sin 2(3 



ml A[H } 
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(A.9) 



APPENDIX 2: Calculation of in- 
equivalence theorem 



W^Z Q L by the use of the 



As shown in Sec 4-1, at large m#± region, the longitudinally polarized final gauge 
bosons become the dominant mode in H + — ► W + Z°. In such case, we can check the 
results of the full calculation by the use of the equivalence theorem [|3(], |31|], which says 
that T(H + — > Z L ) ~ r(/f + — > for m#± ^> mjy. The much simpler calculation 

of — ► -«; + ,2 ) can be useful to check the consistency of the full calculation. Here we 
show the explicit results of the amplitude A4et(H + — > w + z°) calculated in the Landau 
gauge (See Fig 3.). We can clearly see in Eq (|A.10| ) that Met ~ for m H± ~ m A o. 

i 



{m 2 H± - m 2 A0 ) 



M ET (H + -> w + z°) 

V" 

x [{ir(a,/3)m^ - J{a,f3){m 2 H0 -2m 2 H± )} {m 2 H0 - m^C^H*, A , H° 



+ {L(a,(3) + J(a,/3)(m 2 - 2m 2 H± )} (m 2 H0 - m^C^i?*, A , h°] 
+J(a, /3)m 2 H o(m 2 H o - m 2 A0 )C [w ± ,A°,H°] 
-J(a,(3)m 2 h o(m 2 h0 - m 2 40 )C [w ± , A , h°] 

- {K{a, (3)m 2 H0 - J(a, (3){m 2 H o - 2m 2 H± )) B [H°, H±] 

- {L(a,(3)m 2 h0 + J(a, 0)(m 2 h o - 2m%±)} B [h° , H*] 
+J(a,(3)(m 2 H o -ml^BolA ,^] 

+ { J(a, /3)(m 2 - m 2 H0 ) + K(a, (3)m 2 H o - L(a, /3)m 2 } B [0; H ± , A ] 
+J(a,/3) {m^^otO;^ ,^] + m 2 „E [0; z°] - m|o5 [0; #°, w*] 
-m^o£ [0; z°] + (m 2 H0 - m 2 A o)C Q [0; H°, A ] - (m 2 h0 - m 2 AO )B [0; h°, A 



.(A.10) 
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